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Abstract : W e have carried out various characterisation studies for different sonic and hypersonic nozzles, to optim ise cluster formation in gas 
jets. Studies were done to decide optimum laser focus position for the n o /z lc s  and also to determine the best nozzle for laser-cluster interaction 
expenm ents. Argon gas cluster targets were irradiated by 1.5 J/25 ps laser pulses, from the fundamental beam o f our Nd : phosphate glass laser. 
X-ray pinhole imaging o f  the laser produced cluster plasmas revealed information about the plasma column in the gas jet. High laser energy absorption 
o f  80-85%  w as observed for argon clusters, and this was consistent with the intense X-ray em ission signals measured using filtered X-ray PIN  
diodes.
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1. Introduction
The high intensity pulsed X-ray emission from laser 
produced plasmas has drawn considerable attention o f  
'esearchers due to its wide ranging applications in Aany 
Helds such as indirect drive in inertial confinement fusion 
1], XUV -  soft X-ray lasers [21, X-ray contact micro- 
jcopy o f live biological cells in the water window region 
3], soft X-ray microlithography [4] e tc . In the latter two 
ipplications, the use o f  solid targets has a definite 
disadvantage due to severe debris problem, which causes 
damage to the specimen. Several novel techniques like 
the use o f  cryogenically cooled liquid droplet targets [5], 
tape targets [6], and the use o f  background gas [6] have 
been explored by researchers in this field to reduce the 
contamination due to debris. The operation o f droplet 
sources requires cryogenic cooling and is relatively 
difficult to achieve, whereas the latter two methods only 
reduce the debris and do not eliminate it. Pulsed gas jet 
targets offer an attractive alternative and are currently 
used in a wide range o f  physics experiments [7-14], 
pardculariy in laser-plasma interaction studies with intense
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short pulse lasers [7-101. Such gas jets are essentially  
debris-free sources, due lo the target being a gas at room  
temperature and also have the advantage o f high repetition 
rate o f  operation. The irradiation o f gas puffs results in 
production o f uniform hot plasma free o f severe density 
gradients, which is ideal for X-ray lasing applications 
[2J. However, irradiation o f gas puff targets results in 
low X-ray yield, as the laser light is weakly absorbed in 
gases due to lower densities as compared to solids [14]. 
However, experiments conducted over the last few  years 
by several groups [7—10] have shown that the interaction 
o f short duration (< 1 ps), intense (10**—10** W cm^^) 
laser pulses with clusters (10^-10^ atoms/cluster) produced 
in gas jets can result in near total absorption o f  laser 
light. A detailed review on the subject o f  laser-cluster 
interactions is given in Ref. [12]. Such clusters form an 
intermediate state between atoms or small molecules and 
solids, having the same local density as a solid, but an 
overall average gas density. They can be considered as 
small spherical ball^ o f  nanometer dimension, whose 
radius is much smaller than the laser wavelength. Thus,
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the laser light can be absorbed very eftlciently in these 
near solid density clusters, as their size is usually o f  the 
order o f  the skin depth (-l(X ) A) o f the laser. The 
efficient heating o f the cluster due to collisional proccs.ses 
and the complex cluster dynamics of resonant absorption, 
lead to high X-ray conversions. The heated cluster 
explodes due to thermal and Coulomb pressure ejecting 
very hot electrons and ions. For example, irradiation o f  
cryogenically cooled D 2 clusters leads to very fast 
deuterium ions, which arc ejected from the exploding 
cluster. Fusion reaction events o f the type jD- +
2He  ^ -f ()rt‘ can then occur with high probability leading 
to emission o f 2.45 MeV neutrons. Fusion yields o f 10  ^
neutrons per joule o f laser energy have been reported
[15].
Most experiments involving clusters have been carried 
out using ultra-short (<1 ps), intense W cm
laser pulses. The ex istin g  theoretical m odels for 
femtosecond to sub-picosecond laser-cluster interaction 
predict that clusters would explode on the sub-picosecond 
timescale and therefore, a high degree o f laser absorption 
and intense X-ray emission would be possible only for 
ultra-short laser pulses. However, we have observed that 
the irradiation o f clusters with moderately intense lasers 
o f tens o f picosecond duration can still result in efficient 
absorption o f laser energy and may lead to X-ray emission 
com parable to that o f  solid  targets under sim ilar 
parameters.
A detailed study o f the various nozzle parameters and 
optimisation o f the operating conditions is necessary, for 
maximising the X-ray yield. In this paper, we report on 
the characterisation o f  various n o zzles used, the 
confirmation o f  cluster formation through Rayleigh  
scattering techniques and the spatial profile measurements 
o f cluster distribution in the gas jet. Jn ail our experiments, 
we have used argon gas to form clusters. Wc have al.so 
carried out initial measurements o f  X-ray emission from 
argon cluster plasmas, produced from laser irradiation o f  
these cluster targets with a 1.5 J/25 ps Nd : Phosphate 
glass laser, using filtered X-ray PIN diodes. 2-D X-ray 
imaging studies o f the cluster plasma were done using an 
X-ray pinhole camera.
2. C lusler size estim ation
Gas jets or puffs are generated by the pulsed injection o f  
a small amount o f  gas at high pressure into a vacuum 
chamber by means o f  a solenoid valve. The gas undergoes 
adiabatic cooling as it expands at the expense o f  its 
internal energy, and its random thermal eneigy is converted
to directed kinetic energy. The gas supersaturates and 
nucleates under the influence o f  van der Waal’s forces 
forming clusters o f solid density. The size and nature of 
these clusters are determined by the nozzle geometry, 
condensation parameter, backing pressure and stagnation 
temperature o f  the gas used [16.17J.
There is no rigorous theory for predicting the onset 
of cluster formation. The clustering is determined by a 
sem i-em pirical form ula called  the H agena scaling 
parameter fl6 ) . Figures 1 (a, b) show the typical sonic
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Figure 1. Diagram o f a typical (a) sonic nozzle, (b) hypersonic nozzle.
and hypersonic nozzles used in our experiments. The 
scaling parameter is given by the expression.
r "  =: k \d  (/nn)/tan po (m bar)/T -^ ^ , (1)
N c ^  33  [ r 7 1 0 0 0 ]* ^ '^ - -^  (2 )
where N c  is the average cluster size in number o f atoms 
per cluster, k, po, and T  are the condensation parameter, 
stagnation pressure and temperature o f the gas respectively, 
d  is the throat diameter and or is the half cone angle of 
the nozzle. For the three nozzles used in our experiments, 
these parameters were : (a) hypersonic nozzle : = 1
mm 0  (jel throat diameter), £>cxii = 3 nim a  = 5°; (b) 
hypersonic nozzle : d  = 0.5 mm tp (jet throat diameter), 
Dexii = 2.5 mm 0, and a  = 5®; and (c) sonic nozzle : d 
= 1.3 mm or = 45°.
The formation o f  clusters in a gas puff and an 
approximate estimation o f its size can be made by using 
Rayleigh scattering techniques. The experimental set up 
is given in Figure 2. Light from a 2 mW green He-Ne 
laser {A  = 0.543 //m ) used as a probe beam was incident 
on the gas jet, and the sideways scattered signal at 90° 
to the probe beam, was collected using an imaging lens 
of 5 cm 0  and 5 cm focal length. It was imaged with a 
magnification o f 2X onto a pinhole o f  2 mm which 
was part o f  the light tight housing placed in fremt o f  the 
photo multiplier tube (PMT) detector, to avoid spurious 
signals. The experiments were carried out in 10“^  torr.
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Figure 2. Experimental set-up for Rayleigh scattering measurements.
With the onset o f  cluster formation, the radius o f  the 
scattering element increases and hence also the Rayleigh 
scattered signal. In fact, the Rayleigh scattered signal S^s 
is expected to have a near cubic dependence on backing 
pressure, when clustering takes place [7]. The variation 
o f Rayleigh scattered signal ( 5 r s )  with backing pressure 
(po) for various nozzles is shown in Figure 3. Our 
observation o f  the dependence o f  the signal on the 
backing pressure (Srs a  p ^  ), where p  varied from
2.5 — 4.0, for the different nozzles, confirmed the presence 
of clusters in the gas jet.
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Figure 3. Variation of Rayleigh scattered signal with backing pressure for 
•  — hypersonic nozzle (£/= 1 mm. Z>«,t 3 mm, a -  5®); V — hypersonic
nozzle id  = 0.5 mm, = 2.5 mm. a — 5®); ■ — sonic nozzle (4= 1.3 mm. 
ora 45®).
3. C h an icteristio n  o f gas Jets/cluster Jets at the 
nozzle output
For laser plasma experiments, it would be desirable to 
focus the laser beam at the position where the gas jet 
has maximum density. This would occur just at the exit 
o f  the nozzle. However, in order to avoid degradation to 
the nozzle either directly by the laser or by the ions 
produced in the plasma [5,13], it is required to focus the 
laser beyond a certain minimum distance from die nozzle 
exit. A  distance o f  2 -3  mm was found to be optimum.
In all our laser plasma experiments described in this 
paper, involving irradiation o f  gas puff targets, the laser 
was focussed at a height o f  ^ 2  mm from the nozzle.
3.1, Spatial profile  o f  cluster distribution along the radial 
direction :
It^is desirable to align the gas jet in the laser focus 
petition, such that the highest laser intensity is achieved 
ai^ a position where the cluster size and density are 
minimum. This is required to ensure maximum laser 
absorption at the desired laser intensity. Therefore, an 
in|Bging experiment was set up to find out the cluster 
spptial profile along the radial direction at a height o f  
--2 mm from the nozzle output. The experimental set up 
is I similar to that shown in Figure 2, except that the 
nc|ezle is placed in the horizontal position and light from 
a 2  mW green He-Ne laser {A  =  0.543 jttm ) was made 
incident on it at 90® angle. The experiments were carried 
in an interaction* chamber evacuated to ton*. A
convex lens viewing the nozzle along its axial direction 
imaged the Rayleigh scattered signal on to a (ICCD) 
camera with 2X magnification. A light tight housing was 
provided to reduce the background noise level.
This geometric configuration has the advantage that it 
does not require either deconvolution o f  the laser intensity 
profile or Abel inversion o f  the intensity profile o f  the 
scattered signal. The horizontal scan o f  the image at the 
central position gives the spatial profile o f  the convolution 
o f the cluster density (number o f  clusters/ unit volum e) 
and the cluster size along the radial direction. Figure 4 
shows the typical spatial profiles o f  the Rayleigh scattered 
signal for different nozzles. It should be noted that
2 0 0
nozzle 'a* ^  65 atm
nozzle *c‘ atm
Figure 4. Typical spaiial profiles of Rayleigh scatteied for different nozzles: 
(a) hypersonic nozzle (d * 1 mm, « 3 mm. a  = 5®); (b) hypersonic 
nozzle id  0.5 mm. Oenn * 2.5 mm, a »  5®); (c) sonic nozzle (d « 1.3 mm, 
ora 45®).
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different filters were used for recording signals from 
different nozzles and the relative peak intensities are 
therefore, not representative o f  the true signal strengths,
3 ,2 . In te r fe ro m e tr ic  m ea su rem e n t o f  a v e r a g e  g a s  d e n s ity  
in  th e  v ic in ity  o f  th e  n o zz le  o u tp u t :
Figure 5 shows a schematic o f  the experimental set up 
for density estimation using a Jamin interferometer 
configuration. The nozzle was placed in the path o f  an
Monitor
Figure 5. Schematic diagram of the experimental set>up for density estimation 
using Jamin interferometer configuration.
expanded H e-Nc laser beam {A  ^  0 .6328 //m ). An image 
relay system was used to image the nozzle output onto 
a CCD camera detector with 2X  magnification, through 
the Jamin interferometer. This lens system  also collimates 
the H e-N e beam and provides a further 2X  beam  
expansion. The lateral shear introduced by the Jamin 
interferometer produced fringes o f  --175 /m \  width on the 
camera. Argon gas was puffed through the hypersonic 
nozzle (d = 1 mm Dexu =  3 mm 0, a  ^  5®) and sonic 
nozzle (d = 1.3 mm 0, a  ^  45®) at different backing, 
pressures. The refractive index rj o f  the argon gas jet 
was derived from the measured fringe shift. The average 
gas density N  at the nozzle output was then estimated 
using the relation, = ( 77^  -  1) N ^ /3 A ,  where is 
Avagadro number and A  is the molar refractivity o f  
argon [18]. The gas density at the nozzle output, is 
higher in a sonic nozzle due to its geometry, as compared 
to the hypersonic case. However, since clustering depends 
on adiabatic cooling as w ell, which is more in hypersonic 
or conical geometry, clusters o f  larger size are formed at 
the same or even lower backing pressures in gas jets 
emanating from hypersonic nozzles.
4, X -ra y  p inhole im aging o f laser produced gas 
plasm a
X-ray pinhole imaging o f  laser produced argon gas plasma 
was carried out using an on-line X-ray pinhole camera, 
as shown in Figure 6. The object distance and image
X-cay PfN
Figure 6. Schematic diagram of experimental set-up for laser energy 
absorption measurements.
distance were w = 11 cm and v =  33 cm respectively, 
resulting in a magnification o f 3X. The pinhole aperture 
was 50 p,m 0, and 1 B -10 aluminised polycarbonate foil 
with hVcuioff ~  0.8 keV, was used to block the visible 
light. A phosphor coated fiber optic plate (P-22 phosphor 
with Al coating) was placed at the detector end. X-rays 
incident on this phosphor are down converted to visible 
light and transmitted through the fiber optic plate. The 
visible image had a I : 1 correspondence with the X-ray 
pinhole image incident on the phosphor. This plate was 
coupled to an image inlensifier tube through another 
fiber optic plate placed in physical contact with it. The 
output o f  the image intensifier tube was coupled to an 
ICCD camera through an imaging lens. The de-magnified 
image was read out by the ICCD camera and stored in 
digital form in the PC for further analysis.
Figures 7 (a, b, c) show the X-ray pinhole pictures of 
laser produced argon plasma at 30, 40, and 70 bar 
backing pressure respectively. Plasma was created by 
irradiating the argon gas target puffed out o f  the 
hypersonic nozzle (d =  1 mm 0, D cxh = 3 mm 0, and a  
= 5®), by light from our Nd : Phosphate glass laser 
= 1.054 pm, £■/, = 1.5 J/25 ps). The Gaussian focal spot 
was 35 //m  radius, giving maximum laser irradiation of 
-10*^ W cm~2. Laser breakdown in a gas is a function of 
both light intensity and gas density. A s the Rayleigh 
range o f  our laser is -*3.5 mm, the focussed intensity can 
be considered to be approximately constant in the laser 
focal region at the nozzle output (when there is no gas 
puff present). The laser is aligned for best focus by 
monitoring the X-ray signals on the PIN diodes.
5. La se r energy absorption  experim ents
Figure 6  a lso  sh ow s a schem atic diagram  o f  the 
experimental set-up used to carry out measumxients of
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Figure 7 . X>Ray pinhole pictures o f  laser produced argon plasma at (a) 30  
bar, (b) 4 0  bar and <c) 70  bar.
laser energy absoiption in the gas jet. The laser energy 
absorption was studied from m easurem ents o f the 
percentage of transmitted and scattered laser light [9,13]. 
An flA  convex lens was used to collect the transmitted 
light on to an enei^y meter and the collection solid angle 
of the lens was kept large enough, to ensure that any 
refracted light from the plasma was collected onto the 
energy meter. Another f!2  convex lens kept at 45® to the 
laser beam axis, was used to collect the sideways-scattered 
light. RG 1000 IR pass filters were used to block all 
visible light from the plasma.
A Parker solenoid valve obtained from General Valve 
Corporation, was used to puff the gases in to the vacuum 
chamber. The hypersonic nozzle with d  ^  \ mm ^  (jet 
throat diameter), Dcxit = 3 mm 0, and a  -  5° (half cone 
angle) was used in our experiments. Rayleigh scattering 
techniques were used to synchronize firing o f the laser 
with the maximum cluster size reached during the opening 
of the valve.
Hgure 8 shows the variation o f laser absorption with 
incident laser intensity at different backing pressures. At 
Po = 15 bar, it is seen that absorption reaches a maximum 
at an intensity, II  - 2  x 10*  ^ W cm““^  and then decreases 
widi increasing intensities. However, for po = 40 bar and 
60 bar, absorption increases steadily with intensity when
II < 5 10*  ^ W cm” ,^ after which it remains constant,
thereafter showing a decreasing trend for //, > 10*  ^ W 
cm~2. We have observed maximum energy absorption of 
the order of -80-85% . This high absorption is consistent 
with the intense X-ray signals observed through X-ray 
PIN ^diodes. Figure 9 shows the steady increase in X-ray 
$igni|s (PIN diode with 2B-10 aluminised polycarbonate 
filtei|!/ii/cutofr = !•! keV) with increasing backing pressure, 
and |bence cluster size. To the best of our knowledge, 
suchlhigh laser light absorption for low Z and medium Z 
gasef has not been observed in earlier work reported by 
othef. groups, for such simple nozzle geometry, in the 
high energy, multi-picosecond regime [19].
6. R|bsults and discussion
Fronl the results of Rayleigh scattering experiments in 
Figi«re 3, it is seen that for the case o f the hypersonic 
nozzle, the scattered signal is weaker for a je t throat 
diameter of d  = 0.5 mm than for </ = 1 mm. This is as 
expected as the cluster size is expected to decrease about 
four times for the same gas parameters {Nc cc d^). It is 
well established that the gas puff undergoes greater cooling 
when the aperture is larger. Besides, the gas density is 
also expected to be higher for larger diameters due to 
smaller impedance. Further, the scattered signal 5rs for 
the sonic nozzles and hence clustering is observed to be 
much smaller, than for the hypersonic nozzles with similar 
throat diameter d. The relation is given by d c jd  = 0.74/ 
tan a; where d ^  is the equivalent throat diameter for a 
sonic nozzle, d  and a  are the actual throat diameter and 
the half cone angle o f the hypersonic nozzle [16,17]. It 
would therefore, be more desirable to use a hypersonic 
nozzle o f an equivalent throat diameter, as for the same 
clustering, the gas throughput is reduced by (8.4^ = 70), 
-seventy  times, thus reducing the load on vacuum 
requirements. Therefore, hypersonic nozzles are clearly 
superior to sonic nozzles for experiments involving cluster 
taigets.
From m easurem ents o f spatial profile o f cluster 
distribution along the radial direction, as shown in 
Figure 4, the half cone divergence angle o f the gas je t was 
estimated to be -7® for the hypersonic and -27® for the 
sonic nozzle. In general, gas jets with a smaller spatial 
extent (FWHM), uniform radial profile and gas flow 
with low diveigence are desirable, for efficient absorption 
o f the laser beam. It, is noted that these conditions are 
more easily satisfied using hypersonic nozades.
The X-ray pinhole pictures in Figure 7 (a, b, c) 
shown that the laser breakdown occurs earlier for higher
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backing pressures varying from 1.4 mm @ 30 bar, 1.7 
mm @ 40  bar to 2.2 mm @  70 bar, away from the 
geometric centre o f  the nozzle (towards the focu.ssing 
lens). This is due to prior breakdown o f  laser because o f  
higher gas densities present in the vicinity o f  the nozzle 
output at higher backing pressures. The peak o f the X- 
ray em ission is also seen to shift away from the nozzle 
centre in a similar manner, with increasing backing 
pressure. The peak X-ray em ission region was noted to 
be at 0.65 mm @ 30 bar, 1,0 mm @ 40  bar and 1.5 mm 
<§> 70 bar, away with respect to the geometric centre o f  
the nozzle (towards the focussing lens). The width o f  the 
plasma column was found to be -1 5 0  pm at all pressures, 
and its length varied from -1 .2  mm @ 3 0 -4 0  bar to 0.9  
mm @ 70 bar. The X-ray em ission region was slightly 
smaller at higher pressures.
From a knowledge o f  the laser focal volume, coupled 
with energy absorption results and measurements o f gas 
d en sity  at the n o zz le  output, one can ca lcu la te  
approximately the laser energy deposited per atom [9]. 
From interferometric measurements described in Section
3,2, the average gas density at nozzle output (hypersonic 
nozzle) was determined to be -8  x  10 *^  atoms cm'*^  for 
a backing pressure o f  60  bar. The laser focal volume was 
calculated to be - 4  x  1Q-* cm^ (considering the plasma 
focal volume to be a cylinder, with a focal radius o f  35 
//m , and length o f  1 mm). There are about -3 .2  x 10*"* 
atoms in the focal volume. For an absorbed energy o f  
-1  J, approximately a maximum o f  3 x  10~* erg or 19 
keV o f energy is deposited per single atom. This is in 
broad agreement with the maximum ion energies ranging 
from - 8 —25 keV indicated for high charge (>9) states, 
using time o f flight measurement, reported earlier [ 1 1 ]. 
In practical situations, due to the Gaussian spatial profile 
o f the laser beam, the intensity at the w ings is much 
smaller than at the center. Besides, the energy and hence 
the intensity, decreases rapidly due to absorption as the 
laser traverses the length o f  the gas column. Therefore, 
the energy deposited per atom at different positions in 
the focal volume would be widely different.
Laser irradiation o f  gas puff targets typically results 
in low  conversions. Besides, even for laser irradiation o f  
gas cluster targets, efficient absorption o f  laser eneigy  
was not indicated from earlier work for long duration 
pulses (greater than several picoseconds). However, we 
have observed that the initial {wesence o f  clusters in the 
gas puff can create conditions for the efficient absorption 
o f  laser enesrgy on long tim e sr lies (tens o f  picosecond)
and the mechanisms o f  laser absoiption are indicated as 
follow s [19]. Initial ionisation is created in the clusters, 
due to multiphoton processes in the leading edge o f the 
pulse. The electrons acquire quiver energy Up (eV) 
-9 .3 3  X 10-*  ^ II W cm “2 ^ 2^  - .1 0 ^ 5  eV  as they
oscillate in the electric field o f  the laser at irradiation 
intensities o f  //. - 1 —5 x 10*** W cm" .^ The cluster gets 
heated due to electron-ion collisions and begins to expand 
under hydrodynamic pressure. Resonance absorption takes 
place when the plasma density reaches three time the 
critical density \1 \  o f  the laser, leading to intense heating 
o f the cluster and further ionisation to higher charge 
stales. This process would take several picoseconds. The 
expansion o f  the solid density cluster due to thermal 
pressure brings it to bulk plasma density. The larger 
clusters not only take longer time to com e to resonance, 
owing to slower hydrodynamic expansion, but also stay 
close to resonance for a longer duration. Due to the high 
atomic densities present in the interaction region, the 
plasma density after significant ionisation, would still be 
near critical, even after disassembling o f the clusters. 
Thus, the continued efficient absorption o f laser light in 
the sub-critical density plasma takes place through out 
the focal volume. This could explain both our results of 
highly efficient absorption and strong X-ray signals 
measured by the X-ray PIN diodes.
The variation o f  energy absorption with laser intensity 
is dependent on several factors. At backing pressures po 
= 15, 40  and 60 bar, considering the two different 
scalings given by eq. (2), the average range o f  cluster 
sizes in terms o f cluster radius are rc -1 7 0 -3 3 0  A, 32 0 -  
720 A and 4 2 5 -9 9 0  A, respectively. The typical plasma 
temperature expected from our irradiation conditions is 
o f the order o f  100 eV, which would give an expansion 
speed o f cj - 5  X 10^ cm /sec. The hydrodynamic time 
scale taken to reach critical density, is given by 
-  {njnetid^^^- rc/cs* [7] where -1 .5  x  lO^  ^ cm-^ and 
Went are the initial electron density in the cluster and 
critical density respectively. For po =  15, 40, and 60 bar, 
taking averaged values o f  cluster radius, these would be 
2.8 ps, 5.8 ps and 8 ps, and the bulk plasma densities in 
the interaction region, after disassem bling o f  the clusters, 
would be -0 .1 6  /lent, 0,43 /icdt and 0.64 «crii* respectively. 
(For a backing pressure o f  60  bar, as the measured gas 
density in argon was estimated to be -8  x  10*’ atoms 
cm*^ and the average ionisation state in argon plasma 
was 8 [19], the electron density would be equal to the 
product i.e. 6 .4  x  10^ ® cm “^ ). At low intensities, especially
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(jue to the Gaussian temporal and spatial profile o f the 
laser beam, the ionisation thresholds are not reached in 
the leading edge o f  the pulse, and sufficient ionisation o f  
all the clusters in the focal volume does not take place, 
leading to decreased absorption. However, at higher 
incident laser intensity, once the critical intensity for 
ionisation threshold is reached at an optimum time in the 
leading edge o f  the pulse, further increase in the laser 
intensity does not lead to increased absorption. This 
happens because it is offset by another mechanism, which 
IS the cluster expansion [7]. If sufficient threshold intensity 
is reached too early in the pulse, as would happen at 
higher laser intensity, the cluster would expand loo fast 
and com e to resonance very early in the laser pulse. 
Thus, the efficient absorption o f  the laser energy in the 
near solid density cluster through inverse bremstrahlung 
and at resonance are reduced, thereby decreasing the 
laser energy absorption. Obviously, there is an optimum 
intensity for the most efficient absorption and it should 
he dependent on cluster size. This is indicated from 
Figure 8, where at = 15 bar and rc -2 5 0  A, the 
cluster expansion mechanism is relatively rapid, and the 
collisional heating in the sub-critical density plasma after 
cluster disassembly, is also less effective due to the 
considerably lower plasma density. Therefore, the optimum 
intensity is mainly determined by the ionisation threshold 
intensity o f  7/^  - 2  x  10*"* W cm" .^ For the larger clusters 
of -5 2 0 -7 2 0  A radius, both mechanisms are important 
and the optimum incident laser intensity is therefore 
higher. Due to this, the laser absorption also falls much 
less rapidly with increasing incident laser intensity. As
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H gnre 8. Variation o f percentage absorption with incident laser energy for
argon gas operated at different ( •  -  15 bar, O  —  40 bar, ▼ -  60 bar)
hacidng pressures.
bulk plasma heating takes place after the clusters have 
exploded, the X-ray emission signal strength is determined 
by both the initial cluster size, and the average plasma 
density in the laser focal region. This is shown in Figure 
9, where X-ray signal strength increases steadily with 
incrensing backing pressure.
7. conclusion
The Various characterisation studies carried out using
L
f
t
I
Figure 9. Variation o f  X-ray signal strength with backing pressure.
different nozzles have shown that hypersonic nozzles are 
far sufierior to sonic nozzles, in terms o f uniform spatial 
profile, larger cluster size, and much reduced gas 
throughput. The control o f cluster size through appropriate 
choice o f  nozzle parameters and backing pressure, provides 
an important tool for carrying laser plasma interaction 
studies. We have explained our observations o f  highly 
efficient absorption and the presence o f  strong X-ray 
emission from cluster plasmas irradiated by moderately 
intense multi-picosecond laser light. Our experimental 
results indicate the possibility o f  using such targets for 
single shot, debris-free source, for applications like X-ray 
contact microscopic imaging o f  live biological specimens.
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